Much of what was assumed about the functional topography of the hippocampus was derived from a single case study over half a century ago. Given advances in the imaging sciences, a new era of discovery is underway, with potential to transform the understanding of healthy processing as well as the ability to treat disorders. Coactivation-based parcellation, a meta-analytic approach, and ultra-high field, high-resolution functional and structural neuroimaging to characterize the neurofunctional topography of the hippocampus was employed. Data revealed strong support for an evolutionarily preserved topography along the long-axis. Specifically, the left hippocampus was segmented into three distinct clusters: an emotional processing cluster supported by structural and functional connectivity to the amygdala and parahippocampal gyrus, a cognitive operations cluster, with functional connectivity to the anterior cingulate and inferior frontal gyrus, and a posterior perceptual cluster with distinct structural connectivity patterns to the occipital lobe coupled with functional connectivity to the precuneus and angular gyrus. The right hippocampal segmentation was more ambiguous, with plausible 2-and 5-cluster solutions. Segmentations shared connectivity with brain regions known to support the correlated processes. This represented the first neurofunctional topographic model of the hippocampus using a robust, bias-free, multimodal approach. Hum Brain Mapp 00:000-000, 2015.
INTRODUCTION
Arguably one of the most phylogenetically conserved neural structures, the hippocampus has been a prime target for evolution theorists and cognitive neuroscientists alike. Theories regarding the functional specialization of the hippocampus date back to 1901, when Ram on y Cajal (1901) described the cytoarchitectonic differences between hippocampal subfields, yet the precise neurofunctional underpinnings have yet to be elucidated. In fact, to our knowledge, no study has performed a comprehensive, data-driven examination of the human hippocampus, inclusive of identifying and characterizing neurofunctional subfields, despite the plethora of theories involving differentiation of the structure across species. Understanding the functional topography could lead to advances in our understanding of healthy cognitive processing, while also having transformative implications for diseases in which the hippocampus is implicated (e.g., post-traumatic stress disorder [PTSD] , temporal lobe epilepsy [TLE] , depression) [Maneshi et al., 2014; Spielberg et al., 2015; Treadway et al., 2015] .
One of the more predominant theories of functional differentiation within the hippocampus is a long-axis segmentation. Moser and Moser (1998) were among the first to provide a comprehensive review of the most prominent evidence supporting the hippocampus having a dorsal (e.g., septal pole/ analogous to the posterior portion of the human hippocampus)-ventral (e.g., temporal pole/analogous to the anterior portion of the human hippocampus) gradient, originally theorized because of the afferent and efferent connectivity observed in the rodent and nonhuman primate, but further reinforced through a series of behavioral studies. Furthermore, they speculated that the ventral (anterior in humans) portion was more engaged in limbic processes (i.e., "hot" processing), and the dorsal (posterior in humans) was preferentially activated during tasks such as spatial navigation, or learned associations (i.e., "cold" processes). This proposed segmentation has been given new life in recent years, with investigations into cell organization and gene expression [Fanselow and Dong, 2010; Poppenk et al., 2013] , all supporting a potential differentiation along an anterior to posterior gradient. Corroborating evidence has also emerged from the fields of magnetic resonance spectroscopy (MRS) [King et al., 2008] and functional magnetic resonance imaging (fMRI) [Duarte et al., 2014; Duncan et al., 2014; Greve et al., 2011; Prince et al., 2005; Strange et al., 2005] . For example, Prince et al. (2005) demonstrated strong evidence for an anteriorposterior parcellation that corresponded to an encodingretrieval gradient. Similarly, Duncan et al. (2014) recently demonstrated functional connectivity differentiation between encoding and retrieval processes within specific hippocampal subfields. Together, these results support the fundamental argument that the hippocampus maintains a neurofunctional topographical organization, but they do not address the question of whether other neurocognitive processes utilize these subregions, as all of the aforementioned studies used a single paradigm in which variables were parametrically manipulated to examine one specific aspect of memory formation.
Further complicating this field of research is the notion that much of what we assume about human memory and hippocampal functioning has been derived from a case study over half a century ago, when patient H.M. underwent a bilateral hippocampal resection [Scoville and Milner, 1957] . It was not until the early 1990s that H.M. received a magnetic resonance imaging scan that revealed potential discrepancies in the neurosurgical account of his lesions, which were confirmed following his death when more sophisticated imaging procedures could be carried out Augustinack et al., 2014] . Additionally, most, if not all, studies of hippocampal subspecialization limit their investigations to a single behavioral domain (e.g., cognition) or a single paradigm that compares specific neurocognitive processes (i.e., encoding versus retrieval) [Duarte et al., 2014; Duncan et al., 2014; Prince et al., 2005] . Thus, we have relied on inferences about hippocampal topography drawn from data in non-human species, from case studies, and/or from focused cognitive processing (i.e., memory or spatial navigation) studies. Here, we attempt to overcome these shortcomings using a multimodal approach that capitalizes on the big-data resources available via neuroimaging databases. In a robust and unbiased methodological approach, we used coactivation-based parcellation (CBP) [Cieslik et al., 2013; Clos et al., 2013; Eickhoff et al., 2011] , a meta-analytic technique, to elucidate the functional cluster profile of the left and right hippocampus. We then used high-resolution functional (fMRI) and structural magnetic resonance imaging to examine the validity of the resultant cluster solutions. Understanding the complete neurofunctional profile, uninhibited by single paradigm study designs, or focused on specific neurocognitive processes, is pivotal for our understanding of hippocampal topography. Furthermore, understanding the functional relationships of the topographical organization with regard to cognitive processes could lead to transformative computational models of how the brain works under hippocampal-dependent cognitive and emotive processing.
METHODS

Meta-Analytic Methodology
Region of interest selection
We used the Harvard-Oxford Structural Probability Atlas distributed with the FSL neuroimaging analysis software package (http://www.fmrib.ox.ac.uk/fsl/fslview/atlasdescriptions.html#ho) [Jenkinson et al., 2012; Smith et al., 2004] to define right and left hippocampal ROIs for inclusion in our analyses (Fig. 1) . Each ROI was thresholded at 75%, yielding a conservative anatomical representation, assuring that the ROI captured and confined the brain structure of interest, with the added benefit of being easily described to the neuroimaging community. The mean probability for the left (M 6 SD: 86.41% 6 7.10%) and right hippocampus (87.75% 6 7.39%) was over 87%, and the centroid for each was over 97% (left: 97.1% at MNI coordinates [x, y, z] 
Meta-analytic connectivity mapping (MACM)
The BrainMap database was used to compute whole-brain coactivation maps for every voxel within each ROI [http:// www.brainmap.org; Fox and Lancaster, 2002; Laird et al., 2005 Laird et al., , 2009 ], using methodology previously described in detail [Bzdok et al., 2013; Cieslik et al., 2013; Clos et al., 2013; Eickhoff et al., in press] . BrainMap archives functional neuroimaging studies by coding statistically significant results, in the form of stereotactic coordinates, with associated meta-data such as behavioral domain, paradigm class, and subject population (for a full list of meta-data and operational definitions, please see the BrainMap lexicon at http://www.brainmap. org/scribe/BrainMapLex.xls). At the present time, the database is comprised of 2,630 papers, representing 12,623 experiments, 100 paradigm classes, and 52,289 subjects. Coactivation maps were determined based on the criteria of normal mapping (e.g., no group comparisons or interventions) in healthy subjects, with no restrictions with regard to behavioral domain or paradigm class, allowing for the development of an unconstrained model of neurofunctional topography for the left and right hippocampus independently.
Coactivation-based parcellation (CBP)
MACM identifies regions of convergence across the entire brain amongst all studies reporting activation for a given region of interest [Cauda et al., 2012; Clos et al., 2013; Eickhoff et al., 2011; Robinson et al., 2010 Robinson et al., , 2012 . In this application, however, since we are examining every voxel within our ROIs, it is expected that not every voxel will be activated by a sufficiently high number of experiments. As such, we pooled across the neighborhood of each seed voxel and identified those experiments from the BrainMap database that reported activation closest to the voxel by calculating and sorting the Euclidian distances between it and any activation reported in the BrainMap database. Analyses were run using several filters to allow for different degrees of association, assigning 20 through 200 experiments for each voxel in increments of 5 (please see Fig. 2 for an overview of our meta-analytic approach). Methodology used here is identical to that reported previously [Chase et al., 2015; Clos et al., 2013] . Stable filters were selected for the left (90-180 experiments) and right (100-160 experiments) hippocampus based on filters with the lowest number of deviants (i.e., numbers of voxels that were assigned differently compared with the solution from the majority of filters; we used z-scores to objectively guide this selection procedure). K-means clustering was then performed. K-means clustering is a non-hierarchical clustering method that uses an iterative algorithm to separate the voxels in the ROI into k non-overlapping clusters [Forgy, 1965; Hartigan and Wong, 1979] , by minimizing the variance within clusters and maximizing the variance between clusters. To do this, the algorithm computes the centroid of each cluster, and subsequently reassigns voxels to the clusters such that their difference from the centroid is minimal [Bzdok et al., , 2013 Cieslik et al., 2013; Clos et al., 2013; Eickhoff et al., 2011] . Centroids are chosen at random for each new iteration. In our search, we chose 1,000 iterations to provide increased confidence at finding the optimal solution. In short, each voxel within the ROI is assigned to one of k clusters based on the coactivation profile to every other brain voxel. K-values of 2 through 7 were performed for each ROI. Stable solutions were chosen using cluster profiling for right and left hippocampal volumes, respectively. Specifically, we examined characteristics reflecting topological, informationtheoretical, and cluster separation properties. The most consistent four criteria used to identify our parcellations are represented in Figure 3 . First, the low percentage of misclassified voxels provided evidence for stable solutions, where the optimal k parcellations were those where the percentage of deviants was not significantly increased compared with the k 2 1 solution, and ideally where the k 1 1 solution leads to a significant increase. Second, we examined the proportion of the minimum cluster size (in red) to the mean cluster size (in blue). Good solutions are those where the size of the minimum cluster size is more than half of the average cluster size within a given k solution. Finally, the change in inter-/intracluster distance is demonstrated. Optimal solutions are those where the subsequent k 1 1 solution does not show a significantly larger increase in intercluster to intracluster distance. Combining this information, the most stable cluster solution for the left hippocampus appeared to be 3, and for the right, 5.
Post-hoc meta-analytic connectivity modeling
Coactivation profiles were then performed on each of the resultant clusters within the left and right hippocampus. This was computed by creating activation likelihood estimation (ALE) maps for each of the clusters, which compared the ALE scores to a null-distribution reflecting random spatial associations between experiments with a fixed within-experiment distribution of foci, yielding a P-value based on the proportion of equal or higher random values . By using this random effects inference approach, we assessed the above-chance convergence between experiments, converted the non-parametric P-values to z-scores, and thresholded the results using a FWE-corrected threshold of P < 0.05.
Post-hoc functional decoding
In addition to looking at the functional connectivity of each cluster, we also characterized the neurofunctional profiles as determined by how they were coded in the BrainMap database with respect to the eliciting tasks' behavioral domain and paradigm class. To do this, forward and reverse inference approaches were applied as described in previous studies [Bzdok et al., 2013; Clos et al., 2013; Eickhoff et al., 2011] . For the forward inference approach, a cluster's neurofunctional profile was determined by computing the disparity between the probability of finding activation associated to a specific taxonomic label within the boundaries of the each cluster, compared with the probability of activation for that same taxonomic label across the entire database. A significant difference [using a binomial test-i.e., P(Activation|-Task) > P(Activation)] favoring probability within the cluster would constitute a behavioral/paradigm classification for that cluster. For the reverse inference approach, the neurofunctional profiles were determined by identifying the most likely behavioral domain and paradigm class given activation within the cluster [i.e., P(Task|Activation > P(Task)]. Significance was assessed using v 2 .
Ultra-High Field Magnetic Resonance Imaging Methods
Functional magnetic resonance imaging (fMRI)
We performed high resolution resting state fMRI to further characterize the neurofunctional segments identified by CBP. Twenty-three healthy individuals (21 righthanded, 7 males, 16 females, M 6 SD 5 21.17 6 1.44) 1 were 1 For both resting state and DTI, we carried out analyses with and without the left-handed individuals. There were no statistically significant differences and only minor qualitative (i.e., size of cluster) differences that did not affect the results, thus we chose to include these data in our analyses. Our participants scored 7 and 10 out of 15 on a handedness questionnaire for the resting state analysis and for DTI we had participants with scores of 4, 7, 8, and 10 s, indicating that these participants were not exclusively left handed. r Hippocampal Topography r r 5 r scanned using an EPI sequence, optimized for the hippocampus (37 slices acquired parallel to the AC-PC line, 0.85 mm 3 0.85 mm 3 1.5 mm voxels, TR/TE: 3,000/28 ms, 708 flip angle, base/phase resolution 234/100, A > P phase encode direction, iPAT GRAPPA acceleration factor 5 3, interleaved acquisition, 100 time points, total acquisition time 5:00). Participants were asked to rest with their eyes closed for the duration of the scan. Data were Clustering profiles from the CBP analysis. Top panels are results for the left hippocampus, bottom panels are for the right hippocampus. Panels A&D depict the percentage of misclassified voxels, demonstrating a stable cluster solutions of 2-4 for the left hippocampus and 2, 3, and 5 for the right. Good solutions are considered those K parcellations where percentages of deviants are not significantly increased compared with the K -1 solution, especially if the K 1 1 solution leads to a significantly higher percentage of deviants (as is the case for K 5 4 for the left and K 5 5 for the right). Panels B&E depict the proportion of the minimum cluster size (in red) to the mean cluster size (in blue). Good solutions are those where the size of the minimum cluster size is more than half of the average cluster size within a given K solution. Here, cluster solutions K 5 2 and K 5 3 are ideal for both the left and right hippocampus. Finally, in panels C&F, the change in inter-/ intracluster distance is demonstrated. Here, optimal solutions are those where the subsequent K11 solution does not show a significantly larger increase in intercluster to intracluster distance. The K 5 3 solution is ideal for the left hippocampus, and the K 5 2 and 5 solutions are ideal for the right hippocampus. Please note that the y-scales for these figures have slightly different scaling to optimize visualization. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] r Robinson et al. r r 6 r acquired on the Auburn University MRI Research Center (AUMRIRC) Siemens 7T MAGNETOM outfitted with a 32-channel head coil by Nova Medical (Wilmington, MA). A whole-brain high-resolution three-dimensional (3D) MPRAGE image (256 slices, 0.63 mm 3 0.63 mm 3 0.60 mm, TR/TE: 2,200/2.8, 78 flip angle, base/phase resolution 384/100%, collected in an ascending fashion, acquisition time 5 14:06) was also acquired for registration purposes. Data were analyzed in SPM8 [Ashburner, 2012] and the "conn" connectivity toolbox [Whitfield-Gabrieli and Nieto-Castanon, 2012] using standard resting state fMRI pre-processing steps (i.e., brain extraction, slice timing correction, Gaussian smoothing [5 mm FWHM], band-pass filtering [0.008-0.09], regression of motion and physiological artifacts, registration to anatomical space, normalization to MNI standard space). Each segmentation identified by CBP was used as a "seed" and functional connectivity was determined across the entire brain. Seedto-voxel connectivity maps were thresholded at FWEcorrected P < 0.05 at the cluster-level (two-tailed).
Diffusion tensor imaging (DTI)
Data from 31 healthy individuals were acquired on the AUMRIRC Siemens7T MAGNETOM scanner (26 righthanded, 12 males, 19 females, M 6 SD 5 21.13 6 1.43; inclusive of all resting state participants). A high resolution DTI scan (40 slices, 2mm 3 isotropic voxels, TR/TE: 5,200/94 ms, base/phase resolution 122/100%, GRAPPA acceleration factor of 3, b 5 0 and 1,000, 30 directions, 3 averages, collected in an interleaved fashion, acquisition time 5 8:21) was acquired. DTI analyses and probabilistic tractography were carried out using FSL's Diffusion Toolbox 3.0 (FDT) as described previously [Behrens et al., 2003a,c; Jenkinson et al., 2012; Robinson et al., 2012] . In short, data were eddy-current corrected, diffusion tensors were fit to the corrected data, and probabilistic diffusion models were generated. Two analytic techniques were used. First, we used PROBTRACKX to calculate the tractography between the clusters in the left and right hippocampus and the rest of the brain [Behrens et al., 2003a,b; Johansen-Berg et al., 2005] . Data were thresholded to reflect only those paths present in more than 15% of the sample, and inclusive of tracts with connection probabilities more than 10%. Second, we examined the anatomical connectivity between the rest of the brain and the clusters, independently. Specifically, we estimated connectivity probabilities between the seed masks (defined as each CBP segment separately) and target masks (defined as the 55 subcortical and cortical ROIs within the Harvard-Oxford Subcortical and Cortical Probability Atlases, thresholded to 50%, and applied to both left and right hemispheres for a total of 110 total masks) by repeatedly sampling the connected pathways through the probability distribution function. Target ROIs were transformed into each subject's space using registration tools provided in FSL [Jenkinson et al., 2002 [Jenkinson et al., , 2012 Jenkinson and Smith, 2001] . Anatomical connectivity of the hippocampal regions was quantified by classifying each seed voxel within the cluster mask as connecting to the cortical or subcortical mask with the highest connectivity probability (please see Supporting Information, Fig. 1 for a full listing of masks). The number of seed mask voxels whose highest connectivity was determined to each target mask was then tabulated to estimate the population's greatest white matter tracts from each cluster.
RESULTS
Co-activation Based Parcellation (CBP)
We identified neurofunctional topography of the left hippocampus, comprised of three anterior to posterior segmentations, consistent with previous research [Fanselow and Dong, 2010; King et al., 2008] . The anterior-most segmentation was associated with face monitoring/discrimination, cued explicit recall, and encoding. The middle segment was significantly associated with paired associate recall, cued explicit recognition, and encoding. The most posterior segment was associated with perceptual functioning (Table I, Fig. 1 ). The right hippocampus segmented into five distinct regions. However, the neurofunctional substrates of these five regions were not as well defined compared with the left hippocampus. It appears that many of the segmentations are most closely associated with emotional processing, with two segmentations (R2 and R3) having associations with specific cognitive functions, explicit memory, and delayed match to sample, respectively. It is important to note that these functions did not survive FDR correction, thus the right behavioral substrates are interpreted with caution. An alternative solution to the 5-cluster model is a 2-cluster solution, which was found to be slightly less favorable. For the 2-cluster solution, an anterior and posterior segment emerged, with the anterior segment associated with face monitoring/discrimination, affective pictures, encoding, and cued explicit recognition, all thresholded at FDR-corrected P < 0.05. The posterior segment was associated with imagined objects/scenes and explicit memory.
Resting State Functional Connectivity
In addition to strong connectivity to the left amygdala, L1 demonstrated functional connectivity to several contralateral limbic structures, including the parahippocampal gyrus (BA27) and the anterior and posterior cingulate (BA32/30, respectively) (Fig. 4, Table II ). These regions have all been implicated in affective processing and are likely to support functions such as face monitoring/discrimination. Additionally, the right precentral gyrus (BA4), which has been noted to support verbal encoding [Baker et al., 2001] , was also functionally connected, potentially supporting the encoding processes attributed to L1. L2 demonstrated the most diverse connectivity profile, with a distributed network throughout the entire brain inclusive of cognitive and affective regions (left inferior frontal gyrus [BA47], bilateral r Hippocampal Topography r r 7 r anterior cingulate) as well as perceptual processing regions (bilateral inferior parietal lobule [BA40], bilateral superior temporal gyrus, and bilateral middle temporal gyrus). This neural network supports cognitive processes such as recognition and recall. L3 demonstrated functional connectivity to frontal regions, including the left inferior frontal gyrus (BA47), which has been putatively linked to a variety of language and memory processes, including semantic encoding [Demb et al., 1995; Li et al., 2000] , recall, and retrieval [Demb et al., 1995; Smith et al., 1998; Zhang et al., 2004] . In addition, L3 had functional connectivity to several parietal regions including the right precuneus (BA39) and the left angular gyrus. This distributed brain network would be ideal to support perceptual processes, particularly as they interface with memory processes.
For the right segmentations, R1 demonstrated functional connectivity to bilateral superior frontal gyri (BA8), which have been noted in several memory related processes, including working memory [Babiloni et al., 2005; R€ am€ a et al., 2001 ], perceptual priming [Bunzeck et al., 2006] , and memory retrieval [Rugg et al., 1996] . Interestingly, R1 also demonstrated contralateral connectivity to the left hippocampus. R2 had contralateral connectivity to key limbic structures such as the amygdala and cingulate (BA 24/31) including the left superior frontal gyrus (BA8), medial frontal gyrus (BA6), anterior cingulate (BA24/32), parahippocampal gyrus (including the amygdala), fusiform gyrus (BA19), and middle and superior temporal gyri. Ipsilateral connectivity was determined primarily in perceptual processing regions, such as the right lingual gyrus (BA18), inferior temporal gyrus, postcentral gyrus (BA3), and fusiform gyrus (BA37). These structures likely support a variety of cognitive processes, thus lending support for our conclusion that increasing power by increasing the number of studies activating the right hippocampus in the BrainMap database, may be necessary to fully delineate the topography of the right hippocampus. Finally, R5 primarily had functional connectivity limited to the limbic and temporal regions, inclusive of bilateral parahippocampal gyri and cingulate regions, the left hippocampus, as well as bilateral superior temporal gyri. Please see Table III and Figure 5 for resting-state connectivity data regarding the 5-cluster solution of the right hippocampus. The 2-cluster solution for the right hippocampus was also examined. The anterior cluster (Cluster 1) demonstrated functional connectivity to the left amygdala, hippocampus, anterior and posterior cingulate cortices (BA32 and 29, respectively), in addition to the left inferior frontal gyrus (BA47) and insula (BA13) ( Table IV) . Ipsilateral functional connectivity was noted to regions of the inferior frontal gyrus (BA47), parahippocampus (BA28), anterior cingulate (BA32), and superior temporal gyrus (BA21/22). These data suggest a strong support system for affective processes, in line with the behavioral profile attributed to this cluster. The posterior cluster (Cluster 2) also exhibited contralateral functional connectivity to the left inferior frontal gyrus (BA47) and insula (BA13), but also exhibited a unique pattern of connectivity with associations to the left fusiform gyrus (BA19/37) and postcentral gyrus (BA3). The ipsilateral functional connectivity observed was primarily within the limbic system (anterior cingulate, posterior cingulate, hippocampus), and portions of the cortex devoted to sensory processing (superior temporal gyrus and fusiform gyrus) as well as with sub-lobar structures such as the insula and caudate. Several regions of the precentral gyrus were also functionally connected. These data suggest that the posterior cluster has ample functional support to carry out the operations identified by the behavioral analysis (i.e., imagined objects and scenes).
Diffusion Tensor Imaging
DTI analyses demonstrated strong ipsilateral structural connectivity with limited contralateral connectivity. L1's strongest connectivity was to the left amygdala, thalamus, and the parahippocampal gyrus, with a moderate portion of our sample also demonstrating connections to the posterior portion of the temporal fusiform gyrus (Supporting Information, Fig. 2 ). L2 had a similar pattern of anatomical connectivity, but also had voxels whose strongest connectivity was to portions of the occipital lobe. Both L1 and L2 were found to have connections to the brainstem in the majority of our sample, suggesting their roles may be more aligned to implicit processes, or to more "hot" processing. L3 was found to be anatomically connected to the posterior portion of the parahippocampal gyrus and the posterior cingulate in addition to the amygdala, but also had connections to the occipital lobe, specifically the lingual gyrus and the occipital pole. Interestingly, L3 did not demonstrate the strong sub-lobar connectivity. This distributed connectivity pattern would support more perceptual processing as indicated by our CBP analysis. Both L2 and L3 demonstrated interhemispheric connectivity via the posterior portion of the corpus callosum (Fig. 4) . For the right hemisphere, R1 and R2 had a very similar profile to L1, with the amygdala, parahippocampal gyrus, and the thalamus being the primary anatomical connections. R3, R4, and R5 had substantial connectivity patterns to regions of the temporal (posterior portion of the fusiform gyrus) and occipital (lingual gyrus, occipital pole, superior portion of the lateral occipital cortex) lobes, suggesting an increased capability to handle perceptual processes. In addition, R4 and R5 had anatomical connections to the precuneus in both the left and right hemispheres ( Supporting Information, Fig. 3 ). The 2-cluster solution for the right hippocampus revealed similar connectivity patterns, with the anterior segment having structural paths to the limbic system, predominantly, with some individuals showing connectivity to the right precuneus and portions of the occipital lobe. The posterior cluster had a much more distributed pattern, heavily concentrated in the occipital and limbic lobes, with an interhemispheric connection to the left precuneus (Supporting Information, Fig. 4) .
For probabilistic tracking of the left and right clusters, we found a pattern of increased interhemispheric connections toward the posterior portions of both the left and right hippocampus (Fig. 6) . Interestingly, there appeared to be differences in the intrahemispheric breadth of connections between R1 and R2 despite their proximity. This may suggest that R2, which is slightly more medial and closer to the amygdala, may have a very specialized role, as its connectivity was the most confined. Similarly, the connections in the posterior segments of the left and right hippocampus are more diffuse throughout the occipital cortices, supporting their perceptual roles. Interestingly, R1 also demonstrates connectivity to these regions.
DISCUSSION
The apparent preservation of hippocampal topography across species suggests that there may be an important underlying neurofunctional basis. The specific cognitive attributes of this topography have been elusive due to a proclivity to draw conclusions based on single processes, case-studies, and non-human animal research. Using a robust methodological approach, we sought to address this gap in the literature by combining meta-analytic techniques and ultra-high field MRI. Specifically, we capitalized on the meticulous coding structure of the BrainMap database to create unbiased neurofunctional maps of the left and right hippocampus. Then, we used meta-analytic and functional connectivity methods to characterize the resultant segmentation. Finally, we examined the underlying neural architecture supporting each cluster. Taken together, our data provide a preliminary neurofunctional topography of the left and right hippocampus with converging functional and structural support.
Long-Axis Parcellation
Our results yield a consistent anterior to posterior longaxis segmentation with qualitative differences between hemispheres. Recent evidence has suggested that there are distinct neurogenetic and precursor cell differences in dorsal-ventral axes (akin to anterior-posterior in humans) in non-human species [Fanselow and Dong, 2010; Klur et al., 2009; Lowe et al., 2015] , which lend support for a functional differentiation. The results from our meta-analytic methods provided support for a 3-cluster solution for the left hippocampus, in which the anterior-most cluster was associated with emotional processes as well as neurocognitive processes such as encoding. Additionally, this cluster was significantly associated with salient stimuli (i.e., faces), which have important biological relevance [Stoeckel et al., 2014; Tsukiura and Cabeza, 2008] . This is in line with Moser and Moser's (1998) view of the anterior-most portions of the hippocampus primarily engaging in "hot" processing and complements Kim's (2015) more recent hippocampal encoding/ retrieval network (HERNET) model with the strong behavioral association to encoding. The middle cluster was associated with more cognitive-based processes such as paired associate recall, explicit recognition and encoding, while the posterior-most cluster was associated with perception-based functions. Thus, these more posterior clusters could be considered to be aligned more with "cold" processing functions and/or the retrieval network in Kim's (2015) model. For the right hippocampus, a 5-cluster solution emerged as the strongest; however, the behavioral meta-data associated with each cluster are interpreted with caution due to insufficient power, providing an avenue for further investigation. Alternatively, the right hippocampus may not function under rigorous behavioral or stimulus specific features, thus the topography is less concrete, and may have a more gradient-like quality. The only significant behavioral association was within R1, which was linked to face monitoring/ discrimination, in line with the posited anterior "hot" processing.
In a recent study by Chase et al. (2015) using nearly identical methodology, but examining only the subiculum, they demonstrated a 5-cluster anterior-posterior solution along the long-axis. This may provide support for our 5- Descriptive labels and Brodmann areas (BA) were determined by the Talairach Demon labels associated with the coordinates.
r Hippocampal Topography r r 13 r cluster solution, but it could also be interpreted in such a way as to suggest that we need to examine CBP models within hippocampal subfields. Two avenues of additional work are necessary to uncover the right hemisphere's ambiguous results, particularly in light of the subfield (i.e., subiculum) finding: (a) increasing the number of papers in the BrainMap database, and (b) using ultra-high field submillimeter fMRI specifically targeting the hippocampus to yield data with the spatial specificity necessary to delineate the neurofunctional attributes.
Concordance Across Modalities
For both the left and right hippocampus, the anteriormost portions were consistently associated with face monitoring/discrimination and emotion, which was supported throughout resting state connectivity and DTI analyses. Not surprisingly, given the anatomical locality, we found strong structural connectivity support to the amygdala. However, we also demonstrated anatomical connectivity between these regions and the parahippocampal gyrus, as well as the Descriptive labels and Brodmann areas (BA) were determined by the Talairach Demon labels associated with the coordinates.
r Hippocampal Topography r r 15 r thalamus. For resting state connectivity, we showed that R1 was functionally connected to the left hippocampus and right amygdala, while L1 had functional connectivity with the left amygdala and right hippocampus. Similarly, R2 also demonstrated functional connectivity to the left limbic system, including the amygdala and cingulate. Additionally, R2 was functionally connected to the posterior cingulate, suggesting that this region may have a slight differentiation from R1, potentially related to internal attention states or the default mode network [Greicius et al., 2003] . These results support the cognitive and affective processes associated with the clusters by the CBP analysis, with additional data being needed to parse the exact functionality of R2 from R1. The middle clusters (L2, and R3/4) had a more diversified connectivity profile, both structurally and functionally. For L2, we found functional connectivity in the right anterior cingulate region (BA25/32), the left anterior cingulate (BA24), and bilaterally in the superior temporal gyrus and the parietal lobe (BA40). BA40 has been associated with recollection of previously experience events, as well as retrieval of unpleasant experiences [Collins, 2014; Freeman et al., 2004] , while BA24 and BA32 have been associated with successful memory retrieval and episodic memory encoding [Rugg et al., 1996; Zhang et al., 2014] . R3 was functionally connected to regions of the left posterior cingulate, parahippocampal gyrus, and prefrontal cortex, in addition to the middle temporal gyri and inferior frontal gyri (BA47) bilaterally. R4 had the most diverse functional connectivity profile of all the clusters. These data suggest that these clusters are well suited to carry out a diverse set of cognitive processes given their anatomical and structural connectivity to not only the limbic system, but also regions of the prefrontal, temporal, and parietal cortices.
The posterior portions of the hippocampus (L3 and R5) exhibited less similarity. For example, R5 had limited functional connectivity (left hippocampus and bilateral parahippocampal gyrus and left cingulate) compared with L3, which demonstrated functional connectivity throughout the prefrontal cortex, including the right anterior and posterior cingulate (BA24/30, respectively) and bilaterally within the superior temporal gyrus. However, in both cases, these segments were anatomically connected to similar regions, including the occipital lobe. These data suggest that these segmentations likely perform different operations given their functional and structural connectivity profiles, but both are likely to contribute to perceptual processes as they relate to other hippocampal-reliant processing.
Hemispheric Specialization
Very few studies address the issue of lateralization when discussing the long-axis anterior-posterior gradient, despite strong evolutionary and functional neuroimaging evidence suggesting that the right and left hippocampus likely have functional differences [Churchwell and Kesner, 2011; Gagliardo et al., 2005; Hami et al., 2014; Klur et al., 2009; Persson et al., 2013] . Most have theorized that the right hippocampus is primarily engaged in spatial processing (i.e., 3D spatial navigation, or remembering an object location), while the left is more attuned to verbal information [Duarte et al., 2014; Greve et al., 2011] . Additionally, lateralization appears to be preserved (i.e., dissociable roles of the hippocampus have been hypothesized in spatial navigation across species [Copara et al., 2014; Ekstrom et al., 2003; Gagliardo et al., 2005; Hami et al., 2014; Herold et al., 2014; Klur et al., 2009] ), and has been linked to gender differences in humans [Persson et al., 2013] . Therefore, the current study allows for an objective assessment of the neurofunctional differences between the left and right hippocampus, void of reliance on any prior speculations with regard to laterality.
Our investigation supports lateralization differences given the different clustering profiles between the left and right hippocampus. The right hippocampus appears to be more functionally heterogeneous, as suggested by the post-hoc functional decoding. This is likely also the reason for the less stable cluster solution. In addition, there were marked differences in the neurocognitive processes attributed to the anterior and posterior portions of the left and right hippocampus. For example, only L3 was associated with perceptual processing, while in the right hemisphere the anteriormost clusters were associated with perceptual functions. This could potentially support previous findings of a preferential responding to spatial navigation and perceptual cues in the right hippocampus [Duarte et al., 2014 ], which appears to have an evolutionary basis [Burgess et al., 2002; Gagliardo et al., 2005; Klur et al., 2009; Mehlhorn et al., 2010] . Our DTI findings also provide evidence of neural architecture supporting a perceptual component for R1. Thus, we support the findings from previous studies suggesting a lateralized specialization of the hippocampi.
Theoretical Implications
Combined with evidence across studies, our data largely corroborate existing research, but also provide avenues for future research. For example, we have shown an anteriorposterior segmentation, that differs between hemispheres, which has not been noted previously. Our study provides motivation to revisit how hippocampal subfields may contribute to neurocognitive processes, especially in light of the study by Chase et al. (2015) , by demonstrating strong evidence for an anterior-posterior gradient, consistent with the subiculum segmentation using similar methodology. Finally, our data are in partial concordance with the Moser and Moser (1998) model as well as the HERNET model. Specifically, with regard to the latter, our study revealed that the posterior portions of the hippocampus have interhemispheric connectivity leading to the posterior cingulate cortex, a pivotal hub of the default mode network. Kim (2015) posits that the posterior portions of the hippocampus, when activated, also recruit the default mode network as they are partially mediated by an internal attention network, with our DTI findings providing supportive evidence of this relationship. However, we find less support for the notion that the anterior hippocampus recruits the dorsal attention network in accordance with external attention. With regard to the Moser and Moser (1998) model, we find support for "hot" and "cold" processing along the anterior-posterior axis, but we also show that the anterior portions, particularly in the right hemisphere, appear to be engaged in "cold" processes as well.
The results from our study provide an initial model of hippocampal topography that is data-driven, and accounts for cognitive and affective processes outside of just memory. One of the limitations of the existing research study is the need for additional data to fully parse the segmentation of the right hippocampus. Here, we presented both a 5-cluster and a 2-cluster solution, as the 5-cluster solution was deemed to be marginally better than the 2-cluster solution. However, as more data is added to the database, it may become clearer as to which solution is ideal. Furthermore, it is important to note that hippocampal subfields have been, and continue to be, studied extensively, and future studies should examine the relationship between these subfields and the hippocampus, as noted above. Finally, another theoretical consideration is that we have defined segmentation in terms of distinct clusters. It is plausible, and likely, that there is a gradient component to processing within the hippocampus that our current method cannot account for. Therefore, future studies should examine the possibility of a gradient-like neurofunctional r Hippocampal Topography r r 17 r topography, and test for other potential features outside of paradigm class that may contribute to the topography (i.e., stimulus-specific features, context-dependency, familiarity, delay length for retrieval processes).
Finally, there are some limitations to our research. First, the data are reliant on the BrainMap database, which heavily favors cognition-based functional neuroimaging studies. While this is representative of the field as a whole, having a more balanced behavioral domain representation may yield additional insights regarding neurofunctional contributions to each topographical segment. This may be partially underlying our right hippocampal results, where an obvious cluster solution did not emerge. Second, the use of ultra high field fMRI is a substantial advancement, but additional subjects may help to strengthen our understanding of the connectivity of the topographical segments. Furthermore, leveraging the spatial and temporal resolution advantages of ultra high field imaging may delineate relationships not otherwise afforded by conventional MRI studies using 3T (or lower) machines. Unfortunately, these high-resolution methods are lacking, at the moment, with regard to important connectivity indices, such as those provided by DTI.
CONCLUSION
In summary, we used a combination of big data resources (i.e., the BrainMap database), advanced analytic strategies (i.e., co-activation based parcellation and ALE), and state-of-the-art technology (ultra high field, high-resolution fMRI, and DTI data collection) to unpack the neurofunctional contributions of the hippocampus. Our data reveal a pattern of phylogenetically preserved lateralization differences that corroborate models of evolutionary development and neuroscience findings [Allen and Fortin, 2013; Manns and Eichenbaum, 2006] . Furthermore, the data provide a more detailed account of the potential topographical organization of the hippocampus in healthy individuals, using completely noninvasive methodology. This model should be further investigated by examining the roles of hippocampal subfields in the context of the neurofunctional topography proposed in the present study. Elucidating the neurofunctional geography could lead to transformative computational models of how the brain works under hippocampal-dependent cognitive and emotive processes. Understanding these functional relationships should provide avenues for prevention and treatment of disorders involving the hippocampus.
